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By Irving Fruchtman
SUMMARY

The flashback and blowoff stability limits of the gaseous, premixed,
stoichiometric, turbulent cyanogen-oxygen flame were determined at pres-
sures from 40 to 200 1b/sq in. abs (about 3 to 14 atmospheres) by using
four different burner sizes. The stability characteristics for flash-
back and blowoff were correlated by the critical-boundary-velocity-
gradient theory.

The pressure exponent of the critical flashback boundary velocity
gradient was 1.97 and the pressure exponent for blowoff was 1.85. Com-
parison with reference data showed that the temperature of the atmosphere
surrounding the flame had little effect on flashback.

These results are compared with reference data obtained at pressures
from 1 to 5 atmospheres. Included in the appendix are some data obtained
at pressures from 0.0l to 0.1 atmosphere.

INTRODUCTION

In order to develop a means for producing high-temperature, high-
enthalpy, fluid flows of long duration, experiments have been conducted
with the premixed, gaseous, stoichiometric cyanogen-oxygen flame. This
flame is one of the hottest of all known flames. At atmospheric pres-
sure and a gas temperature of 2980 K the flame temperature of the equi-
molar reaction has been calculated to be 4,850° K (refs. 1, 2, and 3)
and has been experimentally measured as 4,640 t 200° K (ref. 4). The
high temperature of the cyanogen-oxygen flame is due to the high thermal
stability of the combustion products (which are carbon monoxide and
nitrogen); heat liberated by the reaction goes mainly into raising the
temperature of the products and very little towards dissociating them.
Increasing pressure depresses the degree of dissociation and results in
a still higher flame temperature. At a pressure of 10 atmospheres, the
flame temperature has been calculated to be 5,0500 K (ref. 5); the



computed flame temperature for no dissociation (pressure greater than
40 atmospheres) is about 5,210° X.

Carbon monoxide and nitrogen are isosteric; this similarity results
in a mixture which behaves thermodynamically as if it were all nitrogen.
Thus, the combustion products can be considered to resemble air without
the oxygen component. For many considerations, this similarity to air,
along with the high temperature of the combustion products, makes the
cyanogen-oxygen flame very attractive as a research tool. The premixed
cyanogen-oxygen flame at 1 atmosphere has been extensively studied at
the Research Institute of Temple University (refs. 3 and h), where flame
stability measurements have been made at Pressures up to 5 atmospheres
(ref. 5). The flame has also been used at Temple University to study
the effect of high temperature on materials (ref. 6). Recently, the
cyanogen-oxygen flame at 1 atmosphere has been used to provide a plasma
source for the study of the problem of radio- frequency signal attenua-
tion through plasmas (ref. 7).

The use of the high-temperature combustion products in a hypersonic
tunnel is desirable in order to produce test-section temperatures similar
to ambient flight temperature. In order to utilize the combustion pro-
ducts as the working fluid of a hypersonic tunnel, however, the combus-
tion must take place at high pressure so that the test-section pressure
also may be of the order of the ambient flight pressure. For example,
to produce a flow with a Mach number of 10 at free-stream temperature
and pressure corresponding to an altitude of 160,000 feet, it is neces-
sary to burn the cyanogen-oxygen mixture at a total pressure of about
100 atmospheres.

In order to design the fuel-oxidant injection system and the com-
bustion chamber for this high-pressure system, it was first necessary
to study the stability characteristics of the premixed stoichiometric
cyanogen-oxygen flame at high pressure. These flame-stability charac-
teristics are the pressure limits (for a given mixture velocity and
burner diameter) at which the flame becomes unstationary at the burner
rim. One limit, which is called flashback, is that pressure at which
the propagation velocity of the flame becomes large enough, relative to
the gas inflow velocity, to cause the flame to move upstream into the
burner tube. The other limit, which is referred to as blowoff, is that
pPressure at which the flame ceases to propagate at a sufficient velocity,
relative to the gas inflow velocity, to remain at the burner rim. The
stability data of reference 5 (which are presented herein for comparison)
pertain to the flashback stability limit of the premixed cyanogen-oxygen
flame up to a pressure of 5 atmospheres, and are primarily concerned with
the laminar flame. The additional stability information furnished by the
Present work is in the turbulent flow regime and at pressures higher
than 5 atmospheres, so that extrapolation of these flame-stability data
to the working pressure of such a hypersonic tunnel would yield more



reliable information. This paper presents flashback and blowoff sta-
bility characteristics of the turbulent, premixed, gaseous cyanogen-
oxygen flame in the pressure range of 4O to 200 lb/sq in. abs (approxi-
mately 3 to 1L atmospheres).

Also presented, in the appendix, are stability data for the premixed,
stoichiometric cyanogen-oxygen flame in the very low-pressure regime
from 0.0l to 0.1 atmosphere. These flashback and blowoff flame-stability
data were obtained in the design of a low-pressure plasma source. The
data are presented for completeness, sO that flame-stability information
for the cyanogen-oxygen flame may be available over the largest possible
pressure range.

SYMBOLS
A burner flow area, sq ft
D burner flow diameter, ft
f friction factor, Tw/% pVQ
g boundary velocity gradient, (QX) R sec1
dy /y
g* critical boundary velocity gradient at flashback or blow-
off, sec™t
1 length of burner tube, ft
M molecular weight, slugs/slug—mole
R Reynolds number, dimensionless
P pressure, psia
tn temperature of gas mixture, °F
W mass flow, slugs/sec
Yy distance from burner wall, ft
b4 mole fraction, dimensionless

v velocity, ft/sec



¢ij function defined by equation (9)
P mass density, slugs/cu ft

T shearing stress, 1lb/sq ft

i coefficient of viscosity, lb-sec/sq ft
Subscripts:

b flashback

bo blowoff

w wall

o reservoir

1 diffusing component

2 basic component

A bar over a symbol denotes the average value.

FLAME- STABILITY THEORY

Flow Model

In real-gas flow there is a velocity gradient near a boundary wall
due to viscous retardation. In this retarded-flow region the velocity
of the gas ranges from zero at the wall to the free-stream velocity at
a distance from the wall known as the boundary-layer thickness. There
is also a gradient in the burning velocity of a flame close to a burner
wall. At the wall (which is usually cold relative to the flame) the
burning velocity is zero because of the large decrease in temperature
of the fluid mixture caused by heat transfer to the wall (quenching
effect). As the distance from the burner wall increases, the burning
velocity of a flame becomes larger because of the increased fluid tem-
perature and the consequent increased concentration of the chemically
active chain carriers in the flame.

In the following sketches are shown, qualitatively, the gas veloc-
ity and burning velocity distributions for a stable flame near the
flashback and blowoff stability limits.
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Sketech A - Near flashback Sketch B - Near blowoff

Sketch A represents the case of a Flame stabilized near the wall of
a burner tube. The dimensions shown.are considered small compared to
the diameter of the burner tube so that the gas flow near the wall is
laminar, and the gas-mixture velocity gradient is almost linear. Near
the flashback condition a flame 1s stabilized at a distance from the
burner wall where the burning velocity Jjust equals the gas-mixture veloc-
ity. At no point along the flame front can the burning velocity exceed
the local gas-stream velocity if the flame is to remain stable. Reducing
the gas flow (below that shown in sketch A) reduces the velocity of the
gas stream near the burner wall and thus allows the burning velocity, at
some point on the flame front, to become greater than the gas-stream
velocity. This situation causes the flame to flash back into the burner
tube.

Increasing the gas flow (greater than that shown in sketch A) so
that the velocity of the gas mixture becomes greater than the burning
velocity everywhere along the flame front causes the flame to move down-
stream out of the burner. The flame cannot be maintained in the burner
tube at this increased gas-mixture velocity but a new stable position
may be attained beyond the burner rim, as shown in sketch B. At this
new position, the burning-velocity curve can more closely approach the
stream boundary since there is less heat transfer, and hence the mixture
can reach a higher temperature near the boundary when the flame is sta-
bilized downstream of the burner rim. The condition for a stable flame
can again be met at this position - that is, the burning velocity is
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Just equal to the gas-mixture velocity at some equilibrium distance from
the stream boundary, and at no point along the flame front does the
burning velocity exceed the gas-mixture velocity. The flame may be
maintained over a range of downstream positions by the stabilizing nature
of the burner wall; upstream movement of the flame front (caused by a
small decrease in flow velocity) is stabilized by increased quenching
near the wall, and downstream movement (due to a small increase in flow
velocity) is stabilized by both decreased wall quenching and diminishing
gas velocity in the boundary due to mixing. As the distance from the
flame front to the burner rim increases, a point is reached where inter-
mixing of the gas mixture with the atmosphere surrounding the flame
influences the burning velocity (ref. 8) and hence becomes an important
consideration; that is, the flame front may be driven to a distance from
the burner rim where intermixing has a greater effec+ on the burning
velocity than the decreased heat transfer. If the burning velocity is
less than the gas-mixture velocity everywhere along the flame front, the
flame will be blown off the burner tube (ref. 9).

Critical-Boundary-Velocity-Gradient Theory

Combustion investigators have been unable analytically to relate
flame velocity to the aerodynamic, thermodynamic, and chemical properties
of the gas mixture to any quantitative extent because of the complexity
and the many uncertainties involved. Some success has resulted, however,
from the use of correlating parameters (or similarity parameters) to
characterize the combustion regimes. One such parameter which has proven
useful for correlation of flame-stability data over a range of burner
sizes, mixture flow conditions, and pressure levels is referred to as
the "boundary velocity gradient." This is the velocity gradient of the
gas at the burner wall (for fully developed flow), and its value Just
at the condition of flashback (or blowoff) is called the "critical
boundary velocity gradient." (See ref. 9.) It is this boundary veloc-
ity gradient with which the Present work is concerned in studying the
stability characteristics of the cyanogen-oxygen flame.

In taking into account the dependence of the velocity gradient of
the gas mixture on the stream properties, an equation for the boundary

velocity gradient is derived in terms of Newton's shear-stress equation
and the friction factor (ref. 9):

g = (1)

T, = “<ﬂ>w = % £V (2)
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From the classical equations for fully developed, constant-property,
laminar pipe flow, the friction factor is found to be 16/R. The equa-
tions for fully developed turbulent pipe flow are too complicated to
yield a solution. Experimentally, however, the friction factor was

found to be O.Oh6/RO'2 in the Reynolds number range of 5,000 to 200,000
(ref. 10).

When the flame is about to flash back, g = g*fb’ and substituting

the values for friction factor into equation (3) yields for laminar flow

8v
* _ b
€ = (%)
and for turbulent flow
* _0.02% ,0.8%
where the average mixture velocity is
V== (6)
Ap
and the Reynolds number is
oVD
R = —
. (7)

Although for the case of blowoff the concept of a boundary velocity
gradient is not as straightforward as for the case of flashback, the
same relationships, when applied to g*bo’ have been found to correlate

the blowoff data. The viscosity p of the cyanogen-oxygen mixture was
calculated by using the following equation (ref. 11):

T HL + He (8)

xp X]
l+-x—l'¢12 l+'x—2-¢21
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APPARATUS AND PROCEDURE

Figure 1 is a schematic diagram of the high-pressure assembly.
Safety considerations led to locating the combustion chamber and cyanogen
reservoir inside a steel and sand-bagged shelter. It was found, however,
that except for its toxicity, cyanogen posed no more problems than any
other combustible gas.

Combustion Chamber and Burner

The stainless-steel combustion chamber, shown in figure 2, was cylin-
drical and was water cooled. Its inside diameter was 3 inches and it had
an overall length of 24 inches. The burners were fabricated of copper and

also were water cooled. They were 2% inches long and had an outside diam-

eter of 7/8 inch. Since the mass flow of the system was limited by the
flowmeters, high gas-stream velocities were obtained by the use of small
burner-opening diameters. Four different burner diameters were used:
0.1 inch, 0.094 inch, 0.074 inch, and 0.052 inch. These were obtained
either by fabricating a completely new burner or by filling the old one
with silver solder and drilling the new dimension. The burner tip was
viewed through a pyrex window and a system of mirrors. To protect the
apparatus, a blowout diaphragm was set to rupture at approximately
1,000 1b/sq in.

Gas Supply System

To achieve the operating pressure of the experiments, it was neces-
sary to raise the temperature of the cyanogen. Therefore, the cyanogen
reservoir was placed inside a steam-heated tank and heated until its
vapor pressure reached the predetermined desired value. To prevent sub-
sequent cyanogen condensation, the vapor feed lines were steam Jacketed.
Also, the cyanogen flowmeter was located in a heated tank and maintained
at the same temperature as the reservoir. The oxygen was metered at
reservoir pressure and ambient temperature and then was heated by passing



it through a tubular coil placed in the hot reservoir. The oxygen feed
lines were also steam jacketed in an effort to maintain the same temper-
ature for both gases.

Measurements

The cyanogen and oxygen flow rates were measured by armored, variable-
area, tube-type flowmeters. The necessary calibrations for these gages
were obtained from data supplied by the manufacturer. Bourdon pressure
gages were used to measure the pressure of both the cyanogen and oxygen
before mixing and the pressure of the reaction products within the com-
bustion chamber. Thermocouples measured the burner-tip temperature and
the temperature of the gases at the flowmeters and in the mixing chamber.
These temperatures were found to remain unchanged during a specific run.

Procedure

Before each run the feed lines and combustion chamber were thoroughly
purged with nitrogen. An acetylene-air torch was placed in the ignition
port to initiate the flame. The torch remained in the ignition port until
the flow rates of both the cyanogen and the oxygen reached their predeter-
mined values. It was found easier to allow the oxygen to reach its
required flow first and then to "bring up" the cyanogen until the mixture
reached stoichiometric proportions. After the ignition port was closed,
pressure inside the chamber was increased by throttling the products of
combustion with the exhaust valve. This reduced the velocity of the gas
mixture and caused the flame front to travel upstream until it reached a
relatively stable position on the burner tip.

Blowoff was achieved by reducing the chamber pressure slowly until
the flame lifted off the burner and disappeared from sight. Flashback
was obtained by increasing the pressure and thus reducing the incoming
gas flow velocity to such a point that the flame traveled back into the
burner tube.

RESULTS AND DISCUSSION

The experimentally determined flashback and blowoff velocities at
the various pressures, burner diameters, and mixture temperatures are
listed in table I.
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Flashback

The values of critical flashback gradient were calculated by use of
equation (5) and are presented in figure 3 plotted against combustion
chamber pressure. The pressure exponent of the critical flashback gra-
d log g*fb

o log p
terms of the chemical kinetics of the flame reaction. This exponent was
found to be 1.97 for the cyanogen flame, by taking the average of the
slopes of the groups of data points obtained from each burner. The curve
was then drawn with this slope to include the greatest number of data
points.

dient has been found to be of significance (see ref. 12) in

It is apparent from figure 3% that while the critical-boundary-
velocity-gradient theory correlates the data obtained from each individ-
ual burner as to slope, the value of the curve of g*fb may have some

additional dependence on burner-tube diameter. It appears, furthermore,
that the additional dependence on diameter becomes more pronounced at
the lower values of g*fb, although additional data would be needed to

verify these suppositions. These effects would not seem to be explained
by a flow transition (from laminar to turbulent flow) on the basis of
pipe Reynolds numbers, which are all above 10,000. Neither would the
effects be attributed to the presence of a non-fully-developed pipe flow
as the length-diameter ratios are about 25 or greater. However, as no
cold flow surveys were made, the aforementioned possibilities cannot be
excluded.

Blowoff

The logarithmic plot of blowoff velocity as a function of pressure
at constant burner diameter is seen to be a straight line approximately
parallel to the corresponding flashback-velocity curve. (See fig. 3.)
As was the case for flashback, therefore, the blowoff data are corre-
lated in terms of the critical-boundary-gradient concept, where the
parameter is similar to that in equation (5) (see also ref. 13):

* _ 0.023 0.8
& vo © D R Vo

The pressure exponent for the curve of critical blowoff gradient
d log g*b
————22 is found from figure 3 to be 1.85.
d log p
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In view of the correlation of stability data with g* as shown in
figure 3, it is felt that extrapolation of the flashback and blowoff
curves to higher working pressures can be done with some confidence.

COMPARISON WITH OTHER RESULTS

All existing data, for both the laminar and turbulent flames, are
plotted in figure 4 for the purpose of comparison and for the delinea-
tion of stability boundaries. Shown in this figure are: the turbulent-
flame data of figure 3; critical boundary velocity gradients calculated
from the laminar and turbulent data presented in reference 5; stable
laminar-flame data obtained from references 4, 8, and 14; and critical
boundary velocity gradients calculated from the laminar data obtained
in the investigation described in the appendix.

Flashback

The laminar data shown in figure 4 with pressures equal to or
greater than 1 atmosphere contain points representing both flashback
(ref. 5) and stable flames (refs. 4, 8, and 14). The flashback points
show a consistency except for the point at 1 atmosphere. It can be
seen from figure 4 that the flashback gradient at 1 atmosphere is
larger than the gradient of the stable flame. However, it is to be
expected that at the same pressure the experimental velocity gradients
for the stable flame should be greater than the critical flashback
value. Therefore, the laminar flashback curve was drawn only through
the data of reference 5 above 1 atmosphere, and extrapolation of this
curve to 1 atmosphere then results in a value of critical flashback
gradient which is lower than the gradients obtained from the stable-
flame data (as would be expected) and probably represents a good
approximation to the actual value of g*fb at this pressure. (The

l-atmosphere point of ref. 5 remains a question; possibly some factor
was present to induce premature transition.) The value of the pressure
exponent for the laminar critical boundary velocity gradient is found
from figure 4 to be very close to that found previously for the turbu-
lent case. Similar results have been observed for many premixed flames
(refs. 12, 13, and 15) and an explanation for such occurrence is given
in reference 15.

A possible explanation for the varying slopes and position of the
low-pressure (that is, 0.01 to 0.1 atmosphere) critical flashback data
is advanced in the appendix in terms of decreased heat transfer, turbu-
lence, and non-fully-developed inlet flow.
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Transition

The value of g*fb obtained in reference 5 at 4.3 atmospheres 1is

not correlated with either the laminar or turbulent flashback curves.
The Reynolds number of the gas stream at this flashback point was such
that the flow was probably within a transition region - changing from
laminar to turbulent flow. It has been found that for many flames within
this transition region, increasing the Reynolds number of the gas stream
causes the flame to flash back at higher values of critical gradient,
but the pressure at which flashback occurs remains unchanged (ref. 13).
It has also been noted in reference 12 that such flame behavior ceccurred
approximately within the same Reynolds number range as cold-flow transi-
tion. It is therefore felt that the value of flashback obtained in ref-
erence 5 at 4.3 atmospheres is a transition point; little can be said
concerning the meaning of the value of critical flashback gradient here
because of the difficulty in assigning the proper value to the friction
factor in the transition regime.

Effect of Surrounding Atmosphere

The composition of the atmosphere surrounding a flame has been
shown to have a great effect on the blowoff stability limits (ref. 9).
It would be expected, however, that the critical flashback gradients
would be unaffected by the surrounding atmosphere. Experimental data
presented in reference 9 indicate that the composition of the atmosphere
surrounding a flame has no effect on the critical flashback gradient.
The experimental setups of reference 5 and the present work were similar
(both used water-cooled copper burners) except that in the present work
the exhausting hot combustion products were throttled in order to obtain
the required chamber pressure, while in reference 5 a varying amount of
cool inert gas (argon) was injected into the combustion chamber to obtain
the necessary pressure. Thus, the important differences between the
experiments of reference 5 and the present work are the composition and
the temperature of the gases surrounding the flame. If it is accepted
that the composition does not affect the flashback gradients in these
cases (as in ref. 9) then any differences in these sets of data would
be presumed to be caused by the temperature variance of the two setups.
However, as seen in figure 4, the values of the critical flashback
gradient obtained with both setups are almost equal for the turbulent
flame. Therefore, it is believed that the temperature of the atmosphere
surrounding the flame also had no effect on the flashback stability
limits of the cyanogen-oxygen reaction.

Use of Stability Data for Burner Design

For a given flow regime, the region between the critical flashback
and blowoff boundary velocity curves represents the stable burning region
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for the stoichiometric cyanogen-oxygen flame. Thus, in designing a
burner to make use of this reaction, care must be taken so that at the
operating conditions the calculated value of the boundary velocity grad-
ient falls in the stable burning region.

CONCLUSIONS

The stability characteristics of a stoichiometric cyanogen-oxygen
flame were studied over a pressure range oOf 4o to 200 lb/sq in. abs.
Flashback and blowoff velocities were determined and the data correlated
by the critical-boundary-gradient theory.

The pressure exponent of g*fb was found to be 1.97 and the pres-
sure exponent of g*bo was 1.85. From comparison with reference datsa,

it is believed that the temperature of the atmosphere surrounding the
flame had no effect on the flashback stability limits.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., July 16, 1962.
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APPENDIX
THE CYANOGEN-OXYGEN FLAME AT LOW PRESSURE

For many magnetohydrodynamic experiments it is desirable to have a
Plasma source at very low operating pressures. Therefore, Mr. Philip R.
Maloney of the Magnetoplasmadynamics Branch undertook a study of the
laminar cyanogen-oxygen flame in the bressure region of 0.01 to 0.1 atmos-
phere with a view towards such a use of this flame. Some of the results
are presented herein. At the time of these experiments virtually nothing
was known about the pressure dependence of the stability limits of the
cyanogen-oxygen flame, and accordingly efforts were directed toward pro-
ducing a stable flame at this pressure rather than in making a laminar-
flame stability study per se. While these low-pressure stability data
do not agree quantitatively with the extrapolated laminar-flame data
obtained at higher Pressure, the data are none the less qualitatively
compatible with the high-pressure data and are self-consistent.

Figure 5 is a schematic diagram of the burner assembly. The burner
tubes were uncooled and were fabricated of pyrex. A radiation shield
served to prevent heating of the burner and the gas upstream by blocking
off radiation from the flame. This shield was made up of a number of
water-cooled pipes traversing the flow.

Figure 6 presents the flashback and blowoff velocities plotted
against pressure and shows the stability loops of the nearly quenched
flame.

The critical boundary velocity gradients for this pressure regime
have already been presented in figure 4. The data for each length-
diameter ratio of the burner were plotted separately since it was
believed that the velocity profiles were different for each burner.
Proper application of the friction factor in the critical-boundary-
velocity-gradient theory requires the velocity profile of the gas
stream to be fully developed. With increasing length-diameter ratio
the gas-stream velocity profile approaches that of the fully developed
flow; for these low-pressure experiments, the required parabolic veloc-
ity profile would have necessitated a length-diameter ratio of about 12

*
0 log g b

o log p
increasing length-diameter ratio; at the largest value of Z/D, equal
to 9.9, the pressure exponent of g*fb was found to be 1.77. This

value approaches that obtained from the high-pressure laminar flashback
stability data of reference 5, which, in turn, is about equal to that
of the present high-pressure turbulent results.

(ref. 16). From figure 4 it is seen that increases with
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A straight-line extrapolation of the high-pressure laminar flash-
back stability data of figure L4 to low pressure will show that the low-

s

pressure stability data (that is, values of g*fb) are higher by a fac-

tor of 10. Possible explanations for this difference are: (1) the
burners used for the low-pressure experiments were uncooled, (2) these
purners were made of a material with a low thermal conductivity,

(%) these burners, because of their small length-diameter ratio, had
relatively flat velocity profiles (non-fully-developed), and (4) turbu-
lence may have been produced by radiation shields. Conditiocns (1) and
(2) would be expected to yield higher values of g*fb than those

obtained from water-cooled burners fabricated of copper (ref. 17), such
as the burners of reference 5 and the burners of the high-pressure
investigation of the present paper, because of decreased heat transfer
(higher wall temperatures). Effects of condition (3) are uncertain,
but (4) would appear to yield values of critical flashback gradient
which are also higher than those which would be obtained for smooth
laminar flow. Considering these factors, therefore, the low-pressure
results obtained by Mr. Maloney seem to be qualitatively compatible
with the high-pressure laminar data. The arguments used for any quanti-
tative comparison of the two sets of data would require tip temperature
measurements and determination of the effects on the flow field of

(1) the small length-diameter ratios and (2) the turbulence-producing
radiation shield and flashback arrester.
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